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DEFINITION OF CORFFICIENTS AND SYMBOLS

The rotary balance was designed to mam famés and moments
vith respect to the body axis, A diagram of these axes showing the
p«.osit-ive direction of the forces and mmnts is presented in Figure 1.
The coefficlents and symbols used in t.his paper are ganerally in
relatiem to thase body axes and are listed herewith,

Oy longitudinal-force coefficient T-x;—-
-é-pv?s
: . . ¥
O lateral~force coefficient ;
' | (=)
Cy normal-force coefficient [ swfe)
| Lov2s
Cp resultant~f@rce cogfficient
& rolling-moment coefficient T—L—
yvgbs
. , ' M
C pitching-moment coefficient based en wing span :
m gpi’ VoS
Ca ymwing-monent coefficient (-3--’%—-)
| * "
X longitudinal force acting along X body axis, positive
forward, pounds ’ ‘
b4 lawral force acting alomg ¥ body axis, positive to
- N
mght. s pounds .
Z normal force acting along 2 body axis, positive downward,
pounds

L rolling moment acting about X body axis, positive when it
tends to lower right wing, fool-pounds | )
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° glg 818 818

thh D
o \?:
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<

°

of

xii
pltching moment acting about Y body axis, positive when
it tends to increase the angle of‘ attack, foot-pounds
yawing moment acting about Z body axis, positive when it

tends to turn sirplame to right, foot-pounds
rolling angular velocity Mt Z bo@ axis, radians per
second |
pitching sngular velocity about ¥ body axis, radians per
» gecongd - k .
yawing angular velmity about Z body axis, radians per
second | :

rate of change of rolling angular velooity with time

rate of change of pitching sngular velocity with time

‘rate of change of yawing angular velocity with time

full-scale angular velocity sbout spin axis, radians per
second unless otherwise indicated

spin coefficient

wing area, square feat

wing span, feet

air density, slugs per cubic foot

free-strean velocity in balance tests, or full-scale true
rate of descent in free-spinning %eéts, feet per second

nean aemd;maﬁﬁ.g chord, feet

local chord, feet

spin radiuvs, distance fmé spin axis to center of
gravity, feelb |



&

. xiil

ratio of distance of center of gravity reayward of
leading edge of mean asrodynardce chord to mean
aerodynaric chord ‘

ratio of distance between center of gravity and thrust
line to mean aerodynamic chord {positive when center
of gravity is below thrust line)

weight of airplane, pounds |

acceleration due to gravity, 32.2 feet per second per
second

mass of airplane, slugs (W/g)

airplane relative-density coefficient (m/pSb)

momente of inertis about X, T, and Z‘body aﬁes,
respectively, slug~feetl é

inertia yazwing‘-mmnt parameter

inertia rolling-moment parameter

inertia pliching-roment parape®er

angle between verﬁical and X body axis (approximately
gqual to absoluts value of anglé cf attack at plane of
symetey), dogreas |

angle bebween span axis and horiszontal, posltive when
right wing is ém»m, degrees

angle between projection of msultmﬁ-—fbme vécmé and
projection of Z bcdy‘miis in a horizontal plane, degrees



xiv

Bog approximate angle of sideslip at center of grmriﬁy (angle
betwsen relative wind and plane of sym;mtry at center
of gravity), positive when relative wind comes from
right’of plane of symmﬁy, daagré;e&

B¢ approximate angle of gid.eslizﬁ at ﬁail {angle between

relative wind and plane of sﬁmtry at tail), positive
vwhen relabive wind comes from right of plane of

symmetry, degrees



INTRODUCTICN

The spinning and spin recovery of airiaimes, from the outset of
man's abllity to\ £ly, have besen mabjécts of concern to desiém&rs axxi‘ g
pilots. The spin is a motion, frequently enbered iﬁad@erhentl;r, 4in
which the airplane descends toward the earth along the path of a helix
with the nose of the airplane penerally pointing well balwﬁm\ horigzon,
In this wmotion, ’c.he airplane is at e angie of attack which is greater
then the angle of atteck at which the alrplane's maximm 14£%
wei‘fieient is obtained, The spin is entered because the angle clf
attack of maximam 1ifY is exceeded by the pilot., The mobion is
generally considered mncontrollavle in that the airplane does not
respond to ’az::ntrél movement in the normal manner and if m; airplane
is not properly designed, recovery from the spinning motion.is difficult
and semetimes impossible. .

Analytical treatment of the &pin and spin-recovery problem has
not praveé to be an édequata sciutian, prinarily because of the ,
complicity of the spinning motions and its equations which involve six
degrees of freedom, and which generally have variable l:zaefi‘isi@tﬁ.
Further there is practically a complete i&ck of knowledge as to what
the aerodymanmic coefficients and derivatives are for spinning attitudes.
Basic studies of the spin were made by the British (References 1 and 2)
which generally indicate the complicity of ‘ohe notion and ite amalybical
treatment.

The experimental method of sciutizcm of the spin problém has been
uged extensively. The NACA .frae-smnning turmels (Reference 3) have

given relatively rapid solutions to the spin and spin-recovery problems



of specific designs by t&e use of visually observed and.reccrded spin
and recovery characteristics of models of these designs. The results
of these fres-spinning investigations had led to empirical eriterions
(Refexences l, 5, and 6) based on the general geometric and méés
gharacteristics of murerous desipgns irma»stigate& in the NACA free-
spinning tunnels, New aivrplanes with simllar geometric and mass
characteristics 4o those previously investigated my be designed with
reasonable assurance that they will have éatisfactery spin-recovery
chavacteristics by use of these criterdia,

T4 was realized in the past f,hab the effects of the varions
corponents of an airplane on the spin and spin recovery could be
determined by .maauramnts of the serodynamic forces and moments
exerted on a spinning alvyplene, It also has been realized more
recently that such measurements would be desirable to improve existing
¢riteria and to cbtain a breoader understanding of the spin and spin
vecovery., Early measuréments were made on small models of rcta{.iﬁg
wings and sirplanes by the use of an intricate spinning balance in the
NACA S5~foot vertical wind tunnel (References 7 to 15), Work with this
original balance was discontinued because of lack af‘reliabi}:ity and
the meading diffieulﬁy of operation involv%d in th% test procedure,
The results of these :mvestiga%ians s also, were not éonsﬁ.dered
mfficiem;iy extensive for or applicable to airplane of current and
expected designs. Because of these faéters and because the meed for
forece and moment measurement on nodels at spinning angles of attack

was becoming eminently important, a new baiame s mch simpler and more



reliable than the original spinning bolance was needed. The autbhew
undertook the general design, construction, and installation of sueh a
balance which would measure the forces and moments of rotating modsls
at spinning angles of atiack. The present paper presents briafly the
developnent of this vrotary balance and a study of the initial results
obbainad. |

CENBRAL CQISIDERATIONS

The steady spin is essentdially a rotation of an airpiana about a
vertical axis with the center of gravity at some fixed radius fram the
vertical axis and the angle of attack larger than the stalling angle of
attack. The rotation is constant and the rate of descent is constamb,
such that the center of graviby describes a helical path aboub the
vertical axis, as is shown in Figure 1. Iﬁ_‘bhe spin tuxmel,'such gpins
are studied by having a geometrically and a‘%mmmally gcaled :ﬁa&el
launched into a vertically rising air shream,. The velocity of this
3ir strean is adjusteﬁ until it equals the rate ?i' descent of e
nodel apd thus the spin is studied. 1In the case of free models, such
ds a spinning wodel, where gravily has mnsidezt%blg influence in the
notion, the primary similarity rule which must be considered is the .
Froude mmber. The relationships regardin: the similarity between free
models and airplanes, based fundamentally on Froude rmmbér , are given
in Appendix A,

In designing a rotary balamce to measure the forc:és ard woments

which act in spins, 1% was necessary {o duplicate the motion of the free
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model or a;&;jlaﬁé as nearly as possible with a model supported in such
a manner that the forces and mowments may be measured énd transferred to-
a;zmpriat@ recording devices. It was necessary, i:.herefm‘, %o have ani
axis of rotation about which the model rotates with the pm;;xer raéizxs,
angle of attack, ::mgle of sidesiip, and srienta‘bian mﬁ’ the ml axis
with relation to the a::ia of rotation, Also a veloelty zmst be
superimposed on the system, this velogity heing parallel to- axis of -
rotation,. ‘ ‘

Dynamic similitude implies primarily that the path of modion of

a model, subjected to. the rules of similarity of Appendix 4, is ’
geometrically similar to that of t;m airplane which the model yepresents,
The modsl on the rotery balance also should perform a geometrically
similar path to that of the alvplane, Each part of the model, the
center of gravity, the tail, the wing tips, éte,., mugt perfornm i:he
similar paths. This inplies that %E; w the orientation angles o
and ¢ must be identicel for the model and the airplane it mmseﬁts.
The specific relations presented :in Appendin A, such a8 the relations
for wlocity (V}, rate of rotation (0), ete,, do not negessarily bave
%o be obtained on the rotary balence model, It is only necessary to
satisfy the relation %3. and the other attitude relation previously
mentioned,

| With these factors undsr consideration, the rotary héz_.ame was
 developed to be installed in the NACA 20-foot spin tunnel, A detailed
descripticn of the rotary balance is given in a later ssction of thia
- paper, The basic balance was made of a system of strain gages {aeeagsxe .
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of their compactness and because information measured by strain gages
could be transeitied rela;tively easily, from the rotating model, with
the strain-gage balance contained internally, to stationary recordsrs
through a system of slip rings. Other measuring and recording systens
are not, as readily adaptable, A detailed description of the strain-
gage balance used w:’i'bh' the rotary balance is given in a later seet:i.&n
of this paper. ’

The rotary balance was not developed to _replace; the free-spiming
tunnel technique but more to supplement it., The free-spimning tumel
has proved 2 rapid and efficient method of éeternﬁ;xing‘ the spin and
recovery characteristics of especific zirplanes. In its supplementary .-
roll, it is intended that the rotary balance give deeper insight _to«tﬁe
mechenisms of the spin and recowery by giving a more campléte knowledge
'Qf the forces and moments acting, It is é.lsa intended that rotary
balance resulis will eventumy improve existing ;mpiﬁcal exriterions
(References L, S, and 6) by relating them to conventional asrodynamic
coefficients such as yawing-moment coefficient C,. The approximabe
magmitudes of the control moments, due to rudder, elevator or aileron

reversal, required may also be obtained in the future,
EXFERIMENTAL APPARATUS

Ihe rotary balmce. The rotary balance used for the measurements

of aerodynamic forces and moments on rotating m_dels was designed for
use in the 20-foot free-spinning twwel as has been previously noted.
The size model for which the balance was designed was about tuice the



&
size of free-spinning models or sbout 5 feebt in span, Tt was felt that
this gizs model was mlatimly amall with rélation to the tumel
dameter (20 feet) 8o that interference effects would be negligible

vat that it was sufi’icianﬁly large to obbkain readily satg,sfactm
balance results, The retary balance consiste essentially of two

mmm; parts, the six-component balance itself and the operabing ,
mechanism used to mount the modsl and balance and to rotate them in
the tunnel, A schematic diapram of the entire rotary balance system
ap installed in the tunnel is shown in Pigure 3. Because the rotary
balance was t0 be used in the Ec}afabt'free«'sbinning tunnel, the g;rimary
purpose of which was to perform free c}ynanic tests, it was mcassar:‘; to
design the balance system in such a manner that it céuld be z'eada.ly
rermoved from the tupnel or moved to a poaition out of the way of i‘rae»
spinning models. Toward this end the main horizontal supporting arm
(part G in Figure 3) was hinged on & wertical axis so that the balance
could be rotated from the center of the tunnel to the tunmel wall,
there being oub of the way of free-spinning models and, further,
accesgible to the test section doors of the tunnel for iz_w*hal:latian
and adjustment of the mdeis on the baianﬁe and for ease of mainbenance
of the balance system. In addition to the horisental supporting arm,
the rotary balance system consists of cables (part F) and winches which
move the supporting arm as noted above, The rotary arm of the balance
system {part A), which rotates about a vertical axis, is attached at |
the outer end of the horizontal supporting arm and is driven ‘by 2 diwve
shaft  (part D) and appropriate linkéée’s. 'I_‘h;é drive shaft ls turned by

-



an electric motor and a Grahe:m friction drive by which the rate of
rotation may be varied up to 200 rpm in either direetion, Adjustable
counter weights (part E) arve atbached to the upper end of the rotary )
arm to counterbalance athe:r rétatﬁhg parts, At the lower end of the
rotary arm is a spin-radius setting axm (part H) that can be adjusted
to sirmlate various radii from the center of rotation, At the end of
the spix*raéius setting arm is the model-sttitude setting block
(part F) to which the sctual balance {pm Q.?) and model are atﬁached.
This block can be adjusted so as Yo simulate various anglas af atbtack .
and sides}j.? of the wmodel, The range .ef angles of attack and sides}ip
nay be varied from P to 360°,

The actual balance consist‘.s of a six-component strain gage that
measures normal, longitudinal, and lateral forces and rolling, pitching,
and yewing moments aboub the: body axes, ‘The straln-gage balance is a
small compact unit, as illustrated in Figure L, consisting of 12
strain-gage beams, two beams for sach of the #ix components it
measures, Storage batteries provide the direct current fér the - '
strain-page balance system, and the voltage is measured and regwlated
at a control panel (Figure 5). The current from the storagafbattaries
is transmitted to the rotating strain gages through a system of brushes
and slip rings (part C, Figure 3) that are mounted above the rotary arm
(Figure 3). Each pair of strain-gage beams is wired into a Wheatstame
bridge circuit that is electrically balanced when no externsl loads are.
present, Wien an external load is applied, the strain-gage beams ave
deflected changing the resistance of the strain gages and, céasequ@ﬂy,

B
b4



the bridge is unbalanced, The current flow resulting from the
_unbalanced bridge is transmitted back through the slip-ring-brush
arrangenent where it is maw;a'é on a calibrated mimémma‘ber

s:':.x meroammaters (cne for each forse and moment to be.
measured) are mounted in the instmmem panel shom in. ?z.gure 5.
Alaa included on this panel are a voltmetey £or maintaining proper
’éaltaga in the Wheatstone bridge systems, o ré‘tauafwmtatmn
regulator and indicabor, and a tunnel girspeed eemi.‘ A
mieromancneter s also included from whicl the tunmel eirspeed mey
be determined, | ,

In order to detersmine the éasign reguirerents for the rotary
balance system and the strain gages, the free-spinning results of
nearly 200 different designs were studied, The ranges of attitudes,
rates of rotation, spin radii, and wvertical valaciiiag which might
be required by the rotary balance were determined, Caleulstions of
‘the inertia momenite and feéces of soms of the 200 designs alsc were
made to estimate the Sranges of 10@%3&531,’ normal, and lateral
fsmgﬁ; and of the pitching, rolling, and yawing mowents which the
strain-gage balance was expec@ to be subjected. calculations of
the sxpected moments wore m&a by the use of Euler's dzmamieal
equations of mmons of rigid bodi.es. It is assumﬁ that models in
spins ave z'igid dynanic bodies and no consiésratim of mmel&stia
effects have heen made, The inertia or mass forces considered in the
analysis wore the welght and the centrifugal forces of the rotating
models, From the results of these mmc‘ﬁ.eg;- with congideration of the
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d:i.fferenceé in size of the free-spinning model studies and those which
wore expected to be used on the mﬁaﬁry balance, the normsl-force,
longitudinal-force, and lawm},»force beans were designed to tske 26,
15, and L pounds, respectively. ’i’tﬁs rolling-, pitching-, and
 yawing-moment beans wore designed to take 15, 12, and 8 foot-pounds,
respectively, | |

The free-spinning tunnel, The free-spinning results presented

herein and the results used for the devélopwent of the spin criterioms,
presented in References L, 5, and 6, were cthd in the NaCA 2C~foot
free~spinning tunnel, The 20-foot free-spinning twmi, presently in
ape;'ation, is similar in design and operation to the original WACA
15-foot free-spinning tunnel described in Reference 3. * The 20-foot
tunnel is, in brief, & vertical wind tunnel in which the air is drewn
vertically upward through the test section by a propgller and peower

unit at the top of the tunnel. The tunnel proper is a 12-sided
structure 20 feet across the flats ab the test section, The tunnel

is capable of airspeeds of‘ f:éam 0 to approximately 100 feet per second
at the test section and requires about 1200 horsepower at top speed.

For free-spinuing tests, models are launched by hand_iﬁt«a the vertically
rising air streanm, with an imposed spinning motion, The tunnel eperater‘
adjusts the alrspeed such that the veloeity of the vertieally rising

air streanm is equal to the rate of desean*b of the model as has been
previously noted, Thus, the model is sustaine:i in a spin at a fixed
level in the tunnel and is there observed and photographed by a mobion- '

pleture camera. A general view of the tunnel showlng these operations
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is presented in Figure 2. The models ﬁhen launched into the tunmel have
their controls set into the positions desired to be investigated.. !
After the steady spin or the motion associated with the given control
positions 1s recorded, recoveries from these motions are sttempled.
Recoveries are attempted by movement of one or mere of the variéus
centrols by use of a remotee-control mechanism, ‘I’hié mechanism
consists primarily of an electromagnet, babteries, a mgﬂstic.%witch,'
and a triggering éystem. The heart of the mechanisn is the magnetie
switch which consists of tuo permalloy strips which are attracted to
one another 'in the presence of magnetism, When the magnetic switch is
operated, a cix;'cuit is closed energizing the eléctremagn@t which aperates
the trigger mechanism and thus ms the dﬁsix‘e& controls, The magnetic
field used to operate the magnetic switch is created by the use of V
copper bar windings around the perimeter of the test ssction., The
windings are energized, at will, by the operatar. 4t the completion
of a given test, thé model is retrieved from ;:.he tum:él by use of

retrieving pole and clsmp,
DESIGH, COHSTRUCTIMN, AND PREPARATICH OF MODELS

The free-spinning tunnel tests yméanted herein were performed
on a 1/20-scale model of a fighter airmiam The force and moment
measurements made on the rotary balance ;rere made on a l/lé«scala
model of the same Tighter airplane, ‘This model was exactly scaled up
from the 1/20~scale dynamic model, 4 thrgenﬁew'c&'aﬁing of the 1/10~
scale model in its original configuration, withvflaps and landing gesr
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retracted and the cockpit closed, is shown in Figure 6. The full-scale
dinensional ¢haracteristics of the fighter airplane similsted by the
models are glven in Table I and the full-scale mags characteristics
simulated on the models are given in Table II, Figure 7 is a
photograph of the 1/1l0-scale model in the clean condition and
Figure 8 shows the 1/10-scale model in the landing condition and in
the condition with external fuel maké installed, The 1/20-seale
model in the clean condition is shown in Figure 9. A photograph of
the lfl&-—sc;xle model mounted on the rotary balance is sh_oz»m in
Figure 10, A photograph of ihe 1/29»3%1@ model spinning in the
20-foot free-spinning tunnel is sham as Figure 11,

The dynamic 1/20-scale #odel WB;S buily primarily of balsa with
some hard wood for structural strength. The remote-control mechendism,
previously discussed, was installed in the model and all control
surfaces were made movable such tﬁat the‘j could be set at any desired

.

position or moved from any preset position to any other position by
the remote-control mechanism,

The 1/10-scale balance model was of built-up aor;stmct;azi with
plywood tulkheads and ribs planked with.balsa strips, On this model
t00,. the controls were made movable so that they could be set at sy
degired position, FV

landing gear, landing flaps, and external fuel tanks were
constructed for use on each model. In addition, each model was

tested with the several taill swdifications shown in Figures 12 te 15,



TESTING TECHUIGUES AND PROCEDURES

As has previously been statea; the 1/20-scale model was tested
freely in the 20-foot fres-spinning tunnsl, the general operation of
wézich hag been discu#sed; The recoverles presmté'd herein 'sam
sttempted generally by rapi&fnm rudder reversal, . A recovery is
considered satiai‘amary if‘ the model stops spimming in 2~1/h turng or
less (Reference k). i?his vailue has been sclected en the bas:w of |
full-geale alrplane gpin-recovery data %&:ai; have besn avaﬁ.lgble for
comparisen with corresponding model test xf'ieisnlts, The resulis of
this comparison ere presented in Reference 7, ‘

The weight and moments of inertia of the airplane were.ssaled
down from the values listed on Table II by the relationships developed
in Appendix A, The model was ballasted to these scalsd down @m by
the use of lead weight placed at convenient locations 4n the model,
The centev-cl-gravity position and moments of inertia of the models
were W&dﬁy ‘i‘;hﬂb apparatus sﬁm in Bigure 16, The center-of~
eravity gear is a sivple besm balance from which the distance of the
model's center of gravity from the knife edges of the balance is
measured. The momnt-of-inertia gear is a torsional penduium &ﬁm
which the model is. oscillated about each éi" the warious axis, ‘the
moments of inertia aye proportionzl o the period of ?acilla:tim of
the pendulum, The moments of imertia measured are wmd virtual
moments -of inertia in that they include awbient air effects and the
effects-of the alr entrapped within the model, The true moments of
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inertia are obbained by correcting the virtual roments of inertis in
accordance with Reference 22, ‘

The 1/10-scale balance model as has previously bsen noted was
mounted on the rotary balance in the 20-foot free~spinning tunﬁél for
the tests reported herein, The model was set at attitudes and with
control setbings carrespoading to thbse for the spins obtained with
the 1/20-scale free-spinning model for the various conditions tested
. on this model, The 1/20-scale model had oscillated slightly in piteh,
roll, and yaw while spinning and the average values of « and £
 were used in setting the attitude of the 1/10-scale model.

The 1/10-scale model wes mounted on the raiary balance in such a
manner that the Z body axis qf the model passed through tha;spin axis,
although in an actusl fully developed spin, as 9hta;ned with the
1/20-scale model, the resultant aaro&ynamia Torce vector passes
through the spin axis, The Z axls of the model and the resultant
asrodynamic force vgctor are not exactly coincident although as a
first aporoximation it hes been assuped to be a reasenable assumpiion,

The spin radii set on the 1/10-scale madél were caleulated from
the data measured far'the free-spinning model by the approximate
formala

By = g cgz‘a (1)
The radii so calculated are oxly aporoximate in that the formula is

based on the assurption made that the resultant force lies aldng the
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Z body axis. The components of the resultant force are the waighi« and
the centrifugal force, and the Z exis mekes an angle & with the
borizontal. Thus

mﬁgna' = mg cob a

and. Ry 1is as noted in Fquaticm ).

The angular velocity about the ap:!.n a.xia and the rate of descent
of the model cbserved in the i‘me*spitming taata were used to galcula‘te
the spin coefficient 0b/2V. Preliminary tests of the model on the
rotary balance indicated that at high rates of rotation vibrations of
the rotary balance ocourved and, mcordinéﬁy, actual scale ratios of
the higher rates of rotation as measured on the free-spinuing model
were not similated. All tests were performed at the proper velues of
the spin coefficient Qb/2V, h&mer. For simplicity, & constant
tunnel velociyy was used for all tests and was chdsen so that the t

values of 2 required to obtain the proper values of the spin
coefficient 0b/2V were ‘below that at which vibration started. A
brief investigation made to determine the force and moment coefficiants
at a specific value of 0b/2V but at different tunnel velocities -
" indicated no noticeab.le- effect within the renge of velocities possible.

TESTS AND MEASUREMENTS

A3 has been previously mentioned, in arder to check the vsliéi%gy
of the results measured on the rotary balande, it was decided to compare
these yesulte with free-spinning model rew.lts. To accomplish this end,
free~spinning model tests were f:.rs‘b performed on the 1/20-scale modal,

r
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of a fighter airplans. These resulis were then duplicated on the -
mmry balance &s noarly ag })assibla; that is, the attiéude, spin
radius, apin parameter, etc, obtained from free spins on the
1/20~3cale modelvwere set on the rotary balance with the 1/I0-scale
model. No concern was given i;o the differences in the Reynelds
mubers between the two models. The ﬁeymlds numbers of the tests
on the 1/20~ssale model were of the order of 200,000 whexjaasﬁabm
for the 1/10-scale model were of bhe order of 400,000, Differences
of this order of magnitude and in this range of values at angles of
attack bolow the stall generally indicate 1ittle effect on the
characteristies of airfoils. There are insufficient data at angles
of attack above the stall and in the spiming range to ascertain the
effects of Reynolds number in this angle-of-attack ranges Trends of
data at and just beyond the stell (Reference 16), however, indicate a
diminishing effect of Reynolds mmber as angle of attack increases.
It is felt, therefore, that the differences in Reynolds nunbers
betweon the free-spinning and rotary-balance tests are not significant -
for this investipgation. |

The spimming attitudes and spin coefficients for each of the
various model conditions and control configurations tested on the
'1/20-scale model ave presented in Table IIT. Phe model was spm
arbitrarily to the right for the bests presented herein because txief
tests performed to the left had shown that the model had symmetrical
spin and recovery characteristics. As proviously mentioned, the mass
characteristics and mass parameters for loadings tested on the model
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are listed in Table II. Loadings 2‘ and 3 were obtained on the 1/20-scale
dynamic model by installation of ballasted ;xmal fuel tanks. When
the conditions for these loadings were tested on the 1/10~scale model,
geonetrically similar external tarks were installed.

The aerodynamic force and moment n;easuremanta an the M%scale
nodel were made for the same médﬁi emadivt:.ipm s control configurations,
attitudes, and spin coefficients cvtained on the 1/20-seale free=
spinming model and presented in Table IIT.

The normal maximum conirol dafleptims uged in the lovestipgation
were: |
Rudder, dOgrees « o o o s o o v o o e s e e v o e v e e e o 230
Elevatar,degrm.......~..,...'.........;.. £20
ALlercns, QEETEES « o+ o o ¢ o o v s s 2 oo 4 e o a s e s s s s . b
Flaps, GEgIeES o o o v o o s s s s s o s o s o x s e e e o e o us

The intermediate control deflections used were:
Elevator two~thirds up, degrees . « + «+ « + » . ,.'...._...

S

Ailerons two~thirds deflected, ABEPEES « » o o » » v s o o o o o 0%
mwwmmﬁdeﬂmﬁaﬁ,wo.l......-.ur..

. .
8

For the clean condition referred to herein, the cockpit wes
closed, the landing gear was retracted, and the flaps were neutral.
For the landing condition, the flaps were deﬂaa-‘:md 159 and the landing
goar was exitended. Tests were also pez:famed wi%h't{he flaps deflected |
15° and the landing gear retwacted. |
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The modified tail configurations shown in Pigures 12 to 15 were
tested on the models. The tail-danping power factors (Referemce h) of
the models for the variows modifications ave presented in Table IV.

is a result of the various model conditions, control
canfigurations, and loadings, the investigation included large
variations in spinning attitudes end spin coefficients, the angles of
attack ranging from spproximately 20° to 70°, the mém. of sideslip
at the center of gravity ranging from 3° inward to 7° outward, and
spin coefficients Qb/2V vanging from £.16 o 0.3."

431 balance tests were made ot & tumnel airepeed of 68.5 feet
per secand, which gives an approximate Reymolds muber of 120,000
based an the mean serodynamic chafd of the 1/10-scale medel. This
value of Reynolds nimbet has not been corrected for the turbulence
fator of the Langley 20-foot frec-spinning tunnel, which is 1.8.

CORRECTIONS AND ACCURAGY

‘e results-of all wind-bumel. tests are considered in the
light of the correciness with which the results actuslly represent
_the capabilities of the makl, From this viewpoint, the following
considérations were made of the data presented hevein.

The forces and moments measured by the strain-gage balance
| were the sum of the a@mmﬁa\fw aﬁd:ﬂmﬁa emrte& on the |
1/10-scale model and the centrifugal forces apd inertia moments
produced by the rotation of the model and strain-gage beans. The
eentrifugal~force and inertia-moment values produced by the rotating

‘
i
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model and strain-gage beams had to be subtracted from the values
neasured to cbtain the ssrodynamic valuss. In order to deteruine these
corrections for each test, the centrifugal forces and inertia moments
produced by the rotating model were calculated by using equations,
presented in Reference 7, derived from Euler's dynamical equations.
When these equations are used, the weight, cen‘ber’of gravity, and
moments of inertla of the model must be known; thérefuré,_ these values
were measured -for the 1/10-scale model, The améants of the centrifugal
forces and inertis moments contributed by the strain-gage beams for
each test were found experimentally. '

Interaction of the forces and moments resulting from bending of -
the strain-gege beans when under Load has been corrected for both in
the measured serodynamic charvaeciedristies and the c¢alculated inertia
tare corrections. ;

The effect of setting the 1/10-scale model on the rotary balance
at a value of epin radius that was appraximate wes examined and its
influence was considered in analyzing the results.

The tunnel-wall effects were not comieiémd aignificant since
the model was located a large distance from the tunnel wdall and the
span of the model was small with relaiion to the tumel dismeter.
Consideration of the interference bebieen the modsl and the rotary
balanece indieéted that the model might have been in the wake of the
balance only for steep spinning angles of attack. For these steep
spinming angles of attack, the tail of the medel msy have been in the
w?ake of the rota.ry*‘balwee armj but inesmuch as the tail was a large
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distance behind the arm, where the wake disturbance was well-dissipated,
no correcilons were made for m‘aerf&mnce effecﬁé. .

Because the l/éo-scsle model wes smaller than the J./iowscale
model and becausé it also was completely free in the tunnel, no
significant corrections are felt to exist for the free~spinning
case. '

Consideration of the acclﬁ’acy of the measurements made was
also made by repeated 'bas'ting and estimations of ,the accuracy of the
actual measuring devices. ' )

The ‘frw*spdmﬁng results presented herein are believed W be
the true values given within the fo&i@g limite:
a,degrees.......,....-...’q......'....‘..'. &
¢,dagr§es............_.'.r...'...,.....‘.. 4§

‘ngmmti‘iCI;OOiGOOiCQOCOQiiiOQOCt 25'«

«

n,pment....»._.»..;..;.....'.........

Turns for recovery, obisineci from motion-picture recards « « . &Y
The limite of accuracy of the measurements of ‘thé noss

characteristics of both the 1/1@—; and 1/20~scale models are belleved

to be as follows:

.%ieight,pment..............-.........‘ F4 8

Center-of~gravity 10cation, PETCENt © « » o o o o « soe o o & »

m&nm@fiﬂ@ﬁa’pwﬁmtl'oo..oic.q:aotco- ﬁ

-
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The limits of accuracy of the measurements of the electwrical
strain~gage system are estimated 1o be es follows?
CX v » o o v o e o o o ot e et e e e e e e e e e . s 20,0082

CY » « L . L] L] L 4 . L] L] L L * * L L » ® L ] L . . . . L] » . .. » L] tD.OOBB

CZ L * L]  J * L ] * . L4 - L o« L 4 . » Ld . ] L - L] ® L » * * .’ L 2 a L ] io‘ mz?

G o e h v s e e s e e e e e e e e e e s e 20,0007
O = + ¢ e s o e e e e e e e e e e e .. 20,0000

The limits of accuracy of the increments of the coefficients
are believed to be somewhat better than the values listed.

The spin conditions set on the rotary balance simulated r
those measured on the Afrewpinning model within the following limite:
a,degrees...'....‘..,..,.............16.5
| Py COETEEH o o o ¢ o o o 6 o s 5 e s 6 s a s ¢ o o o oo o s« X058

Qb/?v,pa‘cent.._.........'.....-....--.il.5
PRESENTATION OF RESULIS

The results of the model investigations aré presented generally
in tabuler form in that the free-spinning results and consequently the
force and moment measurements do not result in systematic variations of
what are normally considered in wind-tunnel work as independent variables.
Because the spin is a free motion, it is not possible to vary such 1items
as angle of attack, rate of rotati&n, ete., systematically, Rather,
it is possible to change anly the control setiings of any given model

loading and configuration. Consequently, §everal different loadings
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and configurations were used, primarily to obtain a sufficient quagtit;y
 of data and a sufficient range of important parameters.

A study of existing data (upublished) of the spin characteristics
of numercus models tested in the Langlﬂéy free-spimning tunnels indicates
that the range of spin conditions of the inveaiigatian presented ﬁarein
is fairly wide and the results of the present investigation may
therefore be taken as a general indication of the order of ‘magnihm
and direction of the aeradynémic forces and moments aqting in normal
£ully developed spins of a straight-wing airplane with both vertical .
and horizontal tails. ‘

The following is a list of ‘the various date presented and the
tables and figures in which the data is f&md. The aerodynamic force
and moment coefficients as measured on the 1/10~scale model and the
free-spinning characteris tics of the 1/2%03.19 médel are presented in
Table III in terms of full=scale vélues. | A& comparison of the
approximate spin radius used on ihe rotary balance and the radius
calculated from the messured resultant serodynamic force is preaented
in Table V. Also presented in Table V are the vélum of the anglla
between the measured resultant aerodynamic force and the % body axis
when the angle is projected alternately into & horisontal plane (¥),
into the X2 body plane, and into the ¥Z body plane. The.effect of
setting the rudder from with to against the spin on the aerodynamic
force and moment coefficients of the 1/10=scale model and the
corresponding recovery characteristics of the 1/20-scale model by rapid
full rudder reversal are presen’pa_é in Table Vi. The difference in
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aerodynamic yawing-moment coefficients between the rudder-with and
rudder-against settings is plotted against dngle of attack of the
model in Figure 17 and the 'bct,ai zerodynamic yawing-moment coefficient
of the model with the rudder set against the spin is plotted in
Figure 18. The results of tests parfameé on ﬁe 1/10~scale model with
the horizontsl tail in the ariginal and rearward pg:sitiéna (Fig{zre 12),
with the spinning conditions held constant, are presented in Table VII
and show the effect on the aerodynamic force and moment coeffici&nta of
unshielding the vertical tall by movement of the hopizontal tail. The
increments of yawing-moment coefficients caused by rudder reversal for
the two horizontal~tail positions are presented in Table VIII and
Figure 19« The ‘effect of deflecting the landing flaps on the aex;e@namic
monient coefficients is shown in Table IX. ‘

The inertis force and moment coefficients cslculated for the
fully developed spins are compared with the measured agx:’mdyna;nic force

and moment coefficients in Table X.

DISCUSSION OF RESULIS

'

General, Aerodynanic Characteristics in Siaim

The results of the force and moment measurements (Table III) show
that, for the spins presented, the normsl~force and lengitudinal-force
coefficients and the pi%ching-mcmént coefficients always had negative

_velues. In other words, in an erect spin (positive angie of att&ck)‘-
the aerodynamic normal forte always acted upward and toward the aén‘bm'
of rotation, the aerodynamic longitudinal force alwgys acted toward the
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‘rear of the airplane; and the aerodypamic pitching moment was always a
nose~dovn moment as would normally be expected for a conventional airpime
at g positive angle of attack. The nose~dowm acrodynamic pitching~
moment coefficient and the upward normal-~force coefficient increased as
the angle of attack increassd. -

The resulis of the rolling-moment measurements prasented herein
and other unpublished data indicate that the ailercns werf's a.ppwoximata}.y
one~half or less as effective in producing rolling-moment coafficients
above the stall as below the stsll. The rol}.ingwm&:t coefficidnt,
however, varied in the same manner with alleron deflection above and
below the stall; that is, when the ailerons were set to simulate a stick
position to the right (rotation to the right), a pusitive rolling~ ‘
noment coefficlent was generélly obtained, and éhen the allerons w;eée
set to simulate a stick position to the left, a negative rolling-moment
coefficient was obtained. No consistent variation in .‘the_ lateral=force
soefficient resulting f;gem the variations in jhe spmmg,amﬁﬁm
tested was noted., The aerodynamic yawing-moment coefficients as
measured were alwsys antispin (negative for the right spins presented),
‘even with the rudder set full with the ’s;.:ain. For these tests, therefore,
the sign of the yawing~moment eeefi‘i;i&nt is ifhe some as tﬁe gign of
the 'sidwlip angle at the tail, which m glways outwsrd o negative ,fm"
‘the right spins tested. ' |
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Relation of the Aerodynamic Charécteristies to the Inertie
Characteristics in Spins

In a fully developed spin, the aerodynamic forcés and moments
acting on an airplane n;HSt be balanced by the inertia forces and moments
produced by the rotating mass of the airplane in order to obtain a
condition of dynamle equilibrium, dampcmenta of the resuliant of the
normal, longitudinal, and lateral aerodynamic forces balance the
weight and the centrifugal force of the rotating airplane. Similarly,
the aerodynamic pitching moment balances the inertia pitching moment ‘of
the rotating airplane, and the aerodynamic rolling and yawing momentis
balance inertia rolling and yawing nmoments, respectively. The equations
of the inertia and aefédynamic moments as presented in Referente 17
from Euler's dynamical equations are as follows:

Rolling moment: ’ |

- I - Ty 8B w
(I‘j{ IA)@ IX at. L (2)
Pitching moment!
(1; - Ipr = IY%% = =M )
Yawing moment:
(Ix = Iydgp ~ Iy g"% = N (b
where |
p=%cosa {5)
q=0sing | (6)

r=20 \[ainaa - §in2f . (D
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These equations were developed for use about the principal
axes of inertia but are used herein about the body axes. Possible
diserspancies from using these equations about he body axes .are
considered to be negligible in that the angles between the body axes
and principal axes are small. A general diacussion of the squations
of the spinning motion is made in Appendix B. ]

In these aqnatigné, the values on the right~hand side of the
equations are the aerodynamic moments that result from the motion of
the airplane in a spin. The sum of the values on the left~hand side
of the equations is the sum of the inertia moments. The terms of the *
inertla equations dependent on the time rate of change of py, q, and »
are the acceleration terms that would be zerc in a completely steady
spin. The values measured on the réiamy'balance are egual to the
values on the right~hand side of the eguations for steady spin conditicns.
As previously indicated, for the spins investigated, the free-spinning
model oscillated slightly and the aerodynamic coefficients were
measured for average values of the spin parameters determined in the
free spins. . The values of aercodynamic forces and noments as measured
on the balance thersfore.appear to be approximate averages of the
uns teady values exisient in the actual spins. -

Consideration of equations for equilibriua;indicatea certain
conclusions regarding spinning equilibrium, For the pitching moment,
the inertia effect depends on p, r, and Iy = Iy. The inertia pitching
moment will always be positive because the value of Iy = Iy is

positive and p and r have the same sign and, therefore, their prddue%
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will always be positive. For the atiainment of equilibrium, the
asrodynamic pltching momsnis must be negative. The values of
aerodynanic pitching moment measured (Table I1II) are all naga%iir'e.v

The sign of the inertia yolling mowent depends on the signe éf
Iy ~ I; aud of the prodict of ¥ and 4, For noraal designs
ly = I is always negative, and the product of r and q, which can
change the sign of the inertis rolling moment, depends on whether the
value of sin @ :is positive or necative. As was previously nobed ‘
(Fable IX1), the direction of the messured aerodynamic rolling moment
changed and in general varied primarily with aileron position: The
sign of @ has been observed for tests of numerous models (unpublished
data) and, as is indicated in Table III, has been found to have &
variation with aileron positien gimilar to that for the measured
aaradynamic,éolling moxent. I general, when the ailerons were with the
spin (stick right in a right spin), the values of @ were positive
{Table Iil); therefore, the iﬁartia.rﬂliing moments were negative, and
positive aerodynamic rolling moments wore needed for eguilibrium, When
the ailerons were with the apii, the measured aerodynamic rolling mements
were positive (Table I1l)., Conversely, when the ailerons were against
the spin, the values of § g&nerﬂlly‘%ﬁra negative and thus the inertia
rolling mosents were positive and negative aerodynanmic rolling -aotents
were required for equilibrium. With the ailerons against the spin, the
neasured aerodynamic'rolling notents were genevally negative, |

An exazination of bhe equilibriuw: aqaatian‘far yAwing moment

indicates that the inertis yawing moment is dependent on the sign of .

1



27
Because the sign of @ varied for the spins Lovestigated (Table ITT),
the inertia yawing moment would alse ahéﬁga sign,. 411 the values of ithe
medsured aerodynanic y%winé m&ﬁeﬁt& (Tabla 111), however, were negéﬁiva
(or antispin); consequently, when § was positive, the aarodyﬂ&mia “and
inertia yawing noments were df like sign &ﬂd the requisites for apxﬁﬁing
equilibrium were not fulfilled, The 1/20~scala medel; however, aetually
spun for the cases presantedﬁher@in and’ therefore had values of inertis
ﬁﬁméﬁt coefficiants equivalent to those calculated and presented in
Table X within fairly close limits. At least some of the measured
acrodynamic ya&iﬁg mamenté therefore nay % in error,
Generally the measured aeraﬁyaafie vawing-monent coefficlents wors
oo large against the spinj thus the sidﬁslip~aagies set on the rotary
balance may have been too large outwerd. The faa% that the radii S@@'an
the balance were only approximate {graviﬁauly discussed) eould accound
for same change in aggle of sideslip. The émfferenaes betwesn the
apmroxisate radii seb on the re%ayy'bal&nga and radii calculateé fram
the scasured asrodynasic foree coefficients (Teble V) .indicabe that tiwe
radil bested wers generally lé?g@r than the actual radii e£ thaI3piﬁ.
Exanination of the equation for the sideslip at the center of gravity
Bog = ﬁ?— tan™2 W )
indicates that such a4 reduction in radius and any amount of the angle ¥
(angle between the projection of the reﬁult&ﬁiﬂforce vector and the
projection of the Z body axis in & h&rizmnéal plané) would reduce the

outward sideslip (or increase the irmwmrd sideslip) of the actusl spin
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over that tested on the rotary balance, The differences in radii and
the angle V¥, therefore, do agcount for some changes in angle of
sideslip and therefore could accound in part for some of the discrepancy
in the reasured aerodynamic yawing-moment coefficients.

Another factor thet may bo considered is that the inertia sbment
coefficients presented herein are based on the steady-state portion of
Evnlerts aqnatiehs and do'no£ inglude the effect Qf any oscillations
which,xmyihave existed on the fres-spinaning wmodel. An integration of
the effects of cscilldtions for one Or more coaplete turns, however,
would probably be zere and, as previously indicated, the dala presesnted
would be the average for one or more complete turns of the spin., Further

explanation of this lack of equilibrium bem@eex; the aerodynamic and
inertia yawing=-moment coefficients is not readily available, and further
study of this matter by iterative testing seems desirable.

As previously indicated, the rsasured aeredynamic yawing=-soment
coafficients were too large against the spin. Unpublished &at& of &
contenporary investigation have indicated, however, that the instentaneous
slopes of the variations of C) with rudder deflection are apmroximately
the same for sach angle of attack abové the stall, a result which is also
generally true for the variation of O, with sideslip angle and of

C, with spin coefficient. These results indicate that increments of
neasured aerodynauic yawlng-momcnt coefficient AC, presented hersin
#ay be considered accurate even thﬁugh the total aerodynamic yawlng-uoent

coefficients are gensrally conservatively large.
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The coumparison of the aerodynanic farces and woments . {Table X)
indicates slight differences in the rolling and pitching moments, as
well as the differences in yawing nosents previously discussed. The
dgifferences in the rolling and pitching maﬁenté were generally in
magnitude and not in sign, 2s wes the ease for the yawing moments, The
differences in the rolling noments were ussed to determine incremental
values of the angle @ which, when used in Euler's dynamical eqﬁa%;an,
would agcount for the differcnces in the rolling moments. An aversge
incremental value of § of epproximitely 2.0° was obtained for all tests
and is not belleved to be unreasonable if the over-all limite of the
test procedures are considered. A change in @ of this order of .
magnitude generally was not sufficient to influencé the laci of eguilibrim
in the yawing-moment coefficients previously discussed.

The differences in the pitehing acuents were used to determine.
increnental values of the raiﬁ of robation @ which, ﬁhéﬁ used in Buler's
dynaaical equations for pitching moment, would account for the differences
in pitching soments., An aversgs iﬁsr@ﬁ@&t&l value of @ ~af_apgrnxinateXy
~0,12 radian per second (full=scale) wes obtained for all tests and is
~considered to be relatively s&ﬂll;ﬁiﬁh ragard t@rspinﬂingf

?cAsummarige, it has beén indieated that the rolling=mocend and
pitching-moment coefficients anﬁ.ﬁhe ineresents in yawing~m§menﬁ'
coefficients bresented herein are relatively accurate. The total
acrodynanic vawing moments, howevor, are generally t%c large against the
spin and, therefore, requireme%%s haé&ﬁ an the botal serodynanic yoawing~

monent coefficients are considered to be conservative,
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Effect of Rudder Reversal Gr;'ﬁaemmaic Coefficients

Tho results of spin-twmel tests of muserous models have
indicated that the rudder can mormally be an effective control for |
recovery from spins. This fact is true ;mtiéulariy when the rass
of the airplane is distributed primarily aleng tﬁe fuselage (References L
and 6}s Many current a;,irplanas of rocket- amd jet-propelled designs
have this type of loading and ost of the free-spimning tests, rresented
herein for comparison with bulance dete, were ;wada with su;ch & welght
distribution. .

Accordingly, the aerodynacie force and moment eoefficiéﬁws ina
spin were determined when the rudder was set with the épin and when the
rudder was set against the spizi; The rosulis of tﬁgse tests are given in
Table VI in terms of the incréwental differences in the noment and foree
ceéi‘fmiants with the rudder set with and apgainst the spin. The mimery
effect of rudder reversal on *E«‘he\ rigidly mounted 1/10-scale model was a
relatively large increment of azﬁtmgﬁzi yawing~nonent coefficlent when
conpared with the aerodyramic yawing-aorent coefficient that e};i%éeci
for the fully developed spiiﬂ. The other force and moment coefficients
were affecfced to only a sxall degree, the increments resulting from
the shénge in rudder setiing being relatively small when conpared with
jbhe aerodynanic coeificients which eéxisted in the fully developed spin.
Reversal of the rudder on the frec-spinning modsl gaﬁerany resulied in
iavedlate changes in nodel attitude and rate of rotation which initially
resalted from changes in the forcos and :w:sz@ms'similar o thoge meagured

on the 1/l0-gcale model.
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The variation of the increment of ygwing:momsnt coefficient‘-
with angle of attack is showm in Figure 17 and indicates that below an
angle of attack of approximetely 30° the value of the increment of the
yawing-nonent coefficient caused by rudder reversal is much larger
than the value of the incresent of yawing-moznent coefficient Acgbm:s‘.ned
for spins above 30° angle of atback., The variation in rudder
effectiveness with angle of atiack appecrs to be ‘Wimarlily the result
of the shielding the rudder by the horizontal tail. Smeke~flow tests
on & spiming airplane (Reference 18) irllicate the existence of such a
- shielding or blanketing effect of the horizontal tail on the veptical
tail an& rudder. 4 study of the tail*d&mging power {actors and their
coaponents for the various tail caﬁijmtj,ons tested (Table IV) and
of the increaents of yawing-noment cqefi‘icianﬁs caused by se‘bting the
vudder against the spin (Table VI and Figure 17) indicates that at amy
given angle of atiack the tail confipuration that had the largest
unshielded rudder voluze coefficient comsislbemly had the larpest
value of Mn; The trends indicated by the teil-~danping power factor
{Reference |,} therefore seem to be in agreement with actual yawinge
moment measurements in that the taill configurations: having the largest
caleculated values of ux.zskrielde@ rudder volume coefficlent had the largest
values of ACy caused by rudder reversals. The scatter of points or
the variatiqnbi‘ £C,, at anmy given angle of éttack shown in Figure 17

+

is in pert the result of these differences in rudder effectiveness, Also,

&

b any given angle of attack, some scatier may result from a vardation in
sideslip for the various spin conditions tested for any given tail

configuration.
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Also indiaatéti in Figure 17 and Table VI are those spins for
which recoveries werc satisfactory (2-1/L turns or less) and those fon
which recoveries were not satisfoctory h;,: rudder revgrs»::al along. The .
satisfactory recoveries generclly were obtained by rudder revergal
alone for spins in which A0x was of ‘the wagnitude of 0.012 ar.
greater, against the spin. OSuch valugs of A0, were obtained only for
epins in v;ﬁicil .ﬁ‘ﬂ.e angle of atback was 3‘?? or less. An émeptim'z wWas
" test 11 for which it was necessary o zove the elevator, as well as the
rudder, for satisfactory recovery. For %@5% 11, t}:ze 'dymmaic sodel was
ballasted so that the weipht was aiiswibnﬁed primarily dlong the wings
{(loading 2, Table II) and References L;, 5, and 19 indicate that, for
desizns with the loading distribubed wlmr:\.l\y along the wings, the
glevator became the predominant conbrol for recovery. For such loadings 2
therefore, in spite of the abilily of the rudder to produce a lavge
increment of antispin yawing soaent , movesent of -the elevator for

recovory nay be essential.

Total Aerodynanic Yawing Hocent Heculred to Obtain
Satisfactory Svin Hecovery . \

A previous spin-balance irxmstig&ticn {Reference 7) has indicated
that an aerodynazic yawing-mozent coefficient of the order of 0,020
against the spin would be required to be supplied by ine.r‘bs e.f‘. the
airplane (including interfémméz affecta )’ other than the ‘wingg o
mrevont eguilibriun in a steady soin o 1o aﬁtaizx recovery from 3.
steady spin, A later paper (Reference 9) indicates that a value of

aerodynamic yawing-moment coefficlent of Q.QQS against the spin would
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be necessary to prevent equilibrius in a steady spin, Subsequent
freeﬂsyinning—tunnei experience has indleoted that spin and regovery
requirenents should bo based on the attainment of satisfagtory spin
recovaries (2-1/4 tufns or less) anﬁ-éct Just on recovery alone or the
prevention of equilibrius in a spin hecausa‘a design that has aerodynamic
characteristics sufficisent to provest equilibrium in a steady spin may
rot be adequate for a satisfactory recovery. & requiresent bassd on
the amount of aerodynacic yawing-noasest goeeflicient required %o oblain
satisfactory-spin recovery therefore seexs to be appropriate, and
accordingly the following discussion is based on this prenise, The
results of force and nmosent moasurenents and of dym:niéﬁnogiel recovery
tosts were used to'indicate\thé wount of total aerodynacic yawinge
moment goelficient required for sabislactory re&sv@ry. Because of
diacrepancieslpreviously &iscuﬁséé, these results uay be considered
cornservative. The briel study ;wésan%ed s confined o measﬁraa vbg
mde with the rudder set against the spia, in that pecoveries were
obtained only for this rudder sebitdng. The requiremnents discussed are
applicable only to designs with geomclric configurations similer to
and with mass distributions and reletive densities of the sanme order
of marmitude as the present confipgurebions. '

The total uwerodymamic youdug-mozenh coefficients of the vodel
with the rudder set against the spin for the various iasts perforaed
are wresented in Figure 15.. Algo shown in Figure 18 are those cases

&

for wiich satisfactory recoveries were obiained aund these for which

unsatisfactory recoveries were obteined. 4s is indicated in Pigure 17,
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recoveries from the spins at angles of abttack of 30° or less were
renerally satisfactory. The mauciaoun %a%algaerodynamic vawing~unonend
coefficient against the spin existent for these satisfactory recoveries
was of the order of ragnitude of 0.021. ¥From a corservative viewpoist),
it would appear that a value of total aercdynamic yawinge-moment
goefficient ranging from approxidabely 0.021 to‘G.OES (antispid) would
pe adeguate for satisfactory recovery from steep spins. This walue
éﬁmparea with that indicated from previous spia~§alance work in that it
was egtinated f?om Refevences % and 11 that the wing of the preseut
investigation gontribut&s very 1i@tletto the total aerodynimic yawinge
momont coefficient. 4 value ranging froa 0,021 to 0.025 for steep
spins appears, therefore, to be in agreament with the value previously
indicated as required to be supp}.:zéd by parte of the airplane other *;;han
the wing. The wing, however, may contrilute a prospin aerodynasic
yawing moment, as is generally indicated for steep spins (References 7,
9, and 11). The requiresent presented herein for satisfactory spin
recovery from steep spins therefore a3y be nore stringent thaﬁ tﬁé
reguirenent indicated in previéus spin-balance ihvestig&ticns for the -
prevention of equilibriun in a steady gsin. |

In general, satisfactory rcca?e%ia@ were not obtained abuve 309
angle of attack (Figure 18) althowgh some spins having angles of attack
greater than 509 had total yawingﬂagm@n$ coefficients of~the gane ordsy
éf*m&gﬂitude as those for which saﬁisfaat@ry recoveries were attalned
below 300 angle of attack. Becausé satiglactory recoveries generally

were nob obtained for spins at angles of attack above 309, the data
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wore not sufficient to determine the toital amount of aerodynanic yowing~
mosment coefficient nacassary‘far satlsfactory recovery from amgy $§in.

It would appear, however, that the tobtal aerocdynamic y&wing«mﬂmﬁﬂt |
coefficient againgt the spin rsquiﬁéd for satisfactory spin recovery

may vary with angle of attack, increasing as the angle of attack
inareasas, and that values larper than 0,025 may be required since’

values approaching 0.020 were cbiained ab high anglés of atbtack for

some of the cases presented herein aad.the recoveries &ers anﬂatisf&aﬁérg.
?hiﬁ fact further indicates that the previcus requiresent (Refersnces 7 ‘
and 9) is not applicable for satisfuctory recoveries Pfrom spins.

Previous discussion of ihe increments of yawing~¥omaﬁt coefficients
resulting from rudder reversal has indicated that forigirplane loadings
for whilch rudder mavgmeat is required for satisfactory recavezf,vaﬂ
increnent of aserodypanic yawlng-aonent ccefficieniqaf the order.af
0.012 or greater may lead té satisfactory recovery for steep sping
and the discussion indicates thal a total aerodynamic yawingﬂmam$ﬁ£
goefficient of the order of 0,02%, which was previcusly mentioned as
belng & conservabive value, nuy lead to satisfactory recoveries for the
sane conditions. For flatter spins, however, and for leading conditions
fer which the rudder is the mrinary control foﬁ'recavery (Reference L) -
it is not known whether a reqﬁiremeét for satisfactory recovery showld
be based on the increment of acrodynaasic yawing-noment coefficient
caused by rudder reversal or on the total aerodyna%ic yawimg~mament

coefficient, It appears, however, that in either case the amount of



ineremental or total acrodynamic yawing-moment coefficient required

8y increase with angle of atitack; wherecs the amo;mt of yawing-ucrant
coefficient available may generally decresse with angle of atitack,

Thus, the danger of a f£lat spin and the necessity for properly desigming

airplanes to obtain relatively steep spins are indicated.

Effect of Horisontal~Tail Position on Aerodynamic Coefficients
and Rudder-Reversil Efisctiveness
Only one of the severai tail modifications tested wag effective

in Lawproving the spin-mcowng charactoristics of the original B
configuration. For the present study, the resulis f@r the other
raodifications'#ere used only as neans of exbending the range of spinning
attitudes for which date were made available, The effective modif ication
{nodification 1) was the one in which the horizontal t2il was moved

15 inches (full=-scale) rearward of the original position (Figure 12),-

: 4 study of the results of tesis, in which force and monent
measurenents were wade with the horizontal tail in bei;h ;bhe original

nd revised pesitions for spirming &%i‘tu{%es obtained on the dynamie

: 5

model with the original “éail position (Tables VII and VIII) , indicates
charnpes in the forces and monents Lo which the improvesent in the spin

and recovery characteristics obtained by the rearward horizontale-tail
movenent way be attributed. Yhen the rudder was with the spin (Table Vii),
moving the horigzontal tail rearwsrd }_éti 0 an increase in the zms*&mm
pitching=uonent coefficient and to a slight decresse in the aﬂ:biﬁikiil
yawing-noment coefficient. The effect of these aerodynamic changes

for the free~gpinning tests was genexrally to decrease the angle of attack



3

of the spin for any given control configuretion. The effect on the
yowing-moment coefficient (Table VII) is in general accord with the
indications of tall~damping power factor {Refmm\m, a factor which
im based on the tall geometric mesgurements and is used 28 =n
indieation of the tail power in effecting spin recovery. Calowlations
of tail-gumping power factor for modification 1 (Table IV) shew a
decrease in tail-damping ratio and an increase in unshielded rudder
voluma ceefficient which would Yead to = decrease in the antdspin
yawingemonent coefficient when the rudder was with the spin.

A comparison of the inerements of yawing-ooment ceeflicionts
resulting from radder reversal for the model with the horizontal tail
in the original position and with the horizomtal tail noved rearwsrd
is presented in Table VITI., Vhen the horigontel tall was in the origiasl
position, the increments of yawingeroment coefficient were pelatively
snall and in some cases were positive; this result mey be attributed
to some interference effects on the dhieldsd ruddar. When the horigontal
tall was in the resrward position, the inamem of yawlng-moment
coefficient were generally relatively lovpe and negotive (antispin).
Inamwuch as only the horisental teil vas moved, the inerease in tle
incrament of antispin yawing mement due to reversing the rudder (op
ruddepwreversel effectiveness) was caused by the unshielding of the
rudder. In order to illustrate further the increase in rudder—reversal
effectiveness due to the wnshielding of the rudder, a plot of incremental
yawingemoment coefficient due to rudder peversal with the horizontal
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t2il in the original position agam% the iheremental yawizxgwxxmmt
coefficient obtained with the horizontal tail in the rearward positica
(Figure 19) shows that in all cases the g?iéétes*b rudder-reversal
" effectiveness was obtained with the revised tail. ‘

This investigation shows primarily the effect of unshielding the
rudder in spinning atiitudes, ‘E%,we;z&ﬂ% of the horizontal tail rearward
as was done in the present investipation may not necessarily ﬁi’zshielé

the rudder for other airplane tail &asi@s.

Effects of Lowering landing Gear and Deflecting Flaps on Spin -
Attitudes and Aercdymanic Coefficients

The effects of lowering the landing gear and deflecting bhe £laps
on the apizi attitudes and aerodyrmnic force and noment cogfficients are
showvn in Table III, A Only slight differences were obtained bebween the
spin attitudes with the flaps deflected and landing gear down, and with
only the flaps deflected.” These resulis are in agreessnt with a e@ar‘ple*i:e
stody of the effects of landing g@ax- and £laps on spin recovery
eharacteristios (Reference 20) in thut the landing gear has only & elight
effect. The force measurezents in Table III alse show little effect
of the landing gear. The resulbds of the frec-spinning tests presenbed
in Table IIT, however, indicated an adverse effect of deflecting the
flaps in that the spins were scnewhat flatter when the flaps were
deflected, |

In order to study the effects of flaps on the rudder-reversal

effectivencss, several tests were wade on the balance with the nodel
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set at arbitrary attitudes and control settings. For each attitude anc ’
control setting, the flaps were deflected and retracted, and the
results are presented in Table ?ﬁi." The ineresents of yawing-moment
coefficient resuliing from setbing the rudder from with to against the
spinning rotation were much larger when the flaps were up than when
thay were deflected; thus a definlte adverse effect of {laps on the
rudder was in&icatéd. These results are é:a good agreement with the

’

results of Reference 20 which indicate an adverse effect of deflsciing

the flaps on recovery characteristies,

CONCLDSIONS

]

The following conclusions mgardiﬂg aerodynanic c’:mracteris%iaa
in spins are based on the aercdynanic forees and mment‘cqefficiams
aeasured on a 1/10=scale model of & fighter airplane in spinning
conditions simulating those obtained mreviously for a similar dynanmic
ngdel and in other arbitrary spinning conditions:

1. The primry‘ effect of rudder reversal was to give a relotively
large dncrement of antispin yawing-noment coefficient when compar
with the aerodynamic yawing-uoment coefficient of the fully developed
spin, The o;sher force and mosent coefficients were affected bo a much
less degree. _

2. ‘The increment of yawing-nament coe.f‘ficient; obtained By rudder
revarsal ;.ﬂ spins was wmuch larger }-ai‘, lowr dngles of attack than at high
angles of attack; this result indicates that meore rudder~reversal

effectiveness was obtained in steep spins because of less rudder ghielding.
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' 3+ Unshielding the rudder by moveqent 0i" the horizonﬁal tail
rearward increased the rudder-veversal effectiveness.
L. Dowmmrd deflection of landing flaps reduced bhe rudder-
reversal effectiveness,. |
5+ A4 total acrodynamic yawing-aoment coefficient ranging from
approxinately 0,021 to 0,025, antispin, may be required for satisfactory
recoveries from stesep sping based on 2 caﬁsew&tive eétﬁmate from the
experimental results, Larger values of yawing-moment coefficient =gy
be necessary for satisfactory recovery _frmi flatter spins.
Consideration of the r@aulﬂtg cbtained indicate that certain
valuable inforwation has and may be obtained from the rotary balance.
One disturbing factor exists, however, which indicates that further
studies and ilmprovements of the technigues and aquipaeﬁt are necessary.
This faet is that the exact conditdens of fully da?eloped spinning
equilibrius were not duplicated on the balance, as indicated by the
difference in aerodynauic and inertias force and moment data listed on
Table X, It appears that methods of more accurately determining the
radius of spin of & free-spinning medel is important. Generally it
would appear that nore accurate :ra%szzremémts of free spin are nocessayy
gither by the use of two or mare vzmﬁowpietxwe caneras, rather than
the one now used, to record the model motion, or by mstal’ling
acceloraneters in the moélel which would allow»ian accurate evaluation of
the centrifugal force ';n the spin and therefore the radi.us of the spin,
It appears that methods of sebttin: the ansle V¥  (dibeoussed previously)

on the rotary balance to more 'accwately reproduce the actual spinaing
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attitude is a necessity. With these suggestions and by methods of
iterative or systematic testing, it seems loglesal that spigning
equilibriuns may accurately be reproduced, and thﬁs for furth&r'wn@k
spinning equilibrium may be acﬁur;te&y determined by rotary balance tests,

After accamplishing the above-mentioned conditions, a geneaal .
study for spinning motlons and condivions of equilibrius may be .adeé.
\ The results of num.rous different eonfigurations could be cbitained and
thelr conditions of spin equilibrium and how the eguilibriuam is
influenced by changes in weighi, momenbs of inertia, ete., méy be
ldetermined. The effects of conirol sebiings and mcv&menzs'on the
aerodynanic forces and moments nay be me&sarad'gnd their.inflnaﬂﬁﬁ on
the motion of the spin may be determineds

The rotary balance may be used to determine some of the stability
derivatives (those associated with rolling Veloci§§ P) which is one of
gone conSequence in normal stabiliby work. Further, these derivatives
can be determined at and Qe&r the stalling angle of attack (angle of
atback of maximum 1ift) and the influence of these deriQativas ag»ang

*

gubsequent to the stall may be deternined.
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APPENDIX A

SCALE RELATIONS AND RULES OF STMITARITY BETWEEN HODEL
AND AIRPLANE FREE-SPINNING RESULTS

In order to evaluate the results of free-splaning tumel tests
80 as to determine how full-scale airplams will spin and recover firom
spins, it is necessary to establish certain relations between model
motions and alrplane motlons. Fz"::at,_ of course, it is necessary that
the model snd the fullescale airplane be gometrically similar. That
15 all dimensions of the model are.d times the dimensions of the’
airpléne. The following table lists these geometric relations

.
lm*'*zfs {A1)

n

by = “3“5 Aeq (a2)
vﬁ = }3‘ st ,(133)
I > A ‘
where 1, A, and v are length, area, and volume, and where the
subscripts m and fs are model and full-scale respéotively, and n
is the scale factor. ..
E%axi: it is necessaxy to consider the %m;a and moments acting on
the model and airplane, The weight and centrifugal force are the mass
forces acting on a spinning model or airplane, .

] .
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vhere Py is air density, V is velocliy, Gy and Ga are
agrodynamic coefficients, and 4 is the rate of rotation of the spin.
Equating Equations (4h) and (45) and presuming that the

aeredynamie coefficients
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the fellowing result is obtained s e

1. fsf 1
2R

4311 moments in a spin are similor in form and may be expressed
| characteristleally as '

2.4 v 2
e ® 33:3% Pam'm Subm.

2

0. 2, i
Teales” ™ C30g 5 Pups'es Ofs'fn

and

IPags O3y | 1
Tt "l 0

v.2
5 g‘fﬁ
Now I=m? and further presuming that C3, = Ogpy the following is
obtained - |

s
WPars  Tw 1 A8
T - 2yl w0

which is identical to Equation {(&h).
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Consider now the mass and air density. By necessity, the model

results in the 20-foot spin tunnel are obtained at sea level density

whereas the corresponding airplane cpéra_tes at some relatively high

altitude.- In order to ecliminate the effect of the differences in air

density, it iz necessary to make the relative density between the model

and alr and the airplane and air the same, thus

, . 3
WoPare ™ ¥m Pufars.
- HpoPan = Lee PeaPasy”
and if pmpai‘a i§ made squal to PrePan then

x 3
YoPars lw’ 1
: Sﬁﬁm tea

Eguation (AL) or (A8) 'bhnﬁ may be rewritten as

"

v .
n 1
fg

m”vfs\%

N

v

(49)
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If further consideration is riven of the time of motions the

following may be written .

Vm”%“vﬂ\]—i“%\é
' : B dbpg

tm’ " 3&1 Vo F .
wiompnne ¥T) =Y - ’
'{;‘; z‘fs n
and
& EN % (A10)
tm n s .

This implies that the model travels a model length in % times the time
required by the #irplane to travel a corresponding full scale ;mghiz.
Fur‘thér consider the angular velocities

dan, s !
W5, T i’s‘ﬁi“dts\rﬁ
e u%nmv?‘z
8fs  Tpg
and
Ay = 8pg S (a11)

(vhere a is angular displacement) by substitution from Equation (A10),
This implies that the model and amlane turn through the same angle

while traveling corresponding lengths,
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The spin coefficient %3 used in this paper is a nondimensional

parameter and therefore
%%h ,Qfsﬁ Lfs&‘ =;,,Qi‘.sz‘i‘:a
oy Eﬁfﬁ 4 Eafﬁ
This shows that 21l helix angles described by the model are
identioal to those described by the airplone.
Froude number - {(the r-lationship between gravitatlonal and

) lg _
inertia forces) was considered in the analysis presented herein when the

seale relations of Equations (Al) and (45) were considered simltaneously.
Further cvidence of this may be shown as

vm - Vﬁ‘sﬁ - Veg
V{m—é Vﬁdifag :“Vlfsg

end assuming that the acceleration of gravity is the same for model and -

airplane, the Froude numbers are equal.

In the analysis wresented, it has been resumed that the Reynolds
number, %Y- (the relation between viscous and inertia ﬁbréaé) has had no
infiluence on the asrodynanmic force and moment coefficients, Th:ls was
done when the aero&mamic force and moment coeificients for the model
and airplone were considered to .ba etzual. If wodel and airplane
Reynolds numbers were the same for the conditions noted herein it would
be necessary that | |

baly _ bpsVes - LTy

v .
Vi fs vi‘s




v
- N f's A12
iy *—T(n) 37 (812)

The attainment of t?f;is eqmutﬁr ap.ears generally impossible
unless the model was to be tested in some medium other than air, having
essentially greatly different viscous characteristics. corrélation of
model and airplane results (Reference 21) has indicated generally,
however, that different Reynolds mumbers have not greatly influenced the
results of free-spinning model tests, in that model and airplane results
have been shown to be quite similar. This evidence primerily indicates
that in spinning attitudes, aerodynamic force and momsnt coefficients
are not fundamentally functicns of Reynolds mumber. ILack of ccrr,elatianr
for a recent high speed configuration, however, has indicated that in
the future further study of the Reymolds effects in spins must be .made.

The relationship indicated by Equation (49) indicates indirectly
that in the relationships esteblished by this analysis, the Mach mumber
has not been a consideration. For present configurations and operastional
altitudes this neglect has not Besm sgrious as the spiuning rates of
descent have been well below the speed of sound. Hw:e;er, larger wing
Aload:m,g;;s, cleaner designs, and higher operational &ititudés may- cause
compressibility effects to become important in spins. Some considerations

of Mach mmber on dynamic model motions have been made in Reference 23. |
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Thus, for the present, the Froude mmber is the primary similarity
mile vsed in free-spinning tunnel work and in summary, the following
basic relationships are used, "

&

zm'“%zf&

1y, Pam.
%m*}:;fs
nd Pots

L fam
Im :"15%&&3’5

Oy = n Qpy

-\l
U = 2 Tpy

am = afS



APPENDIX B ’

The equations of motion which are normally associated to the

spin are Euler's dynamicazl equations of motion. These equations are

@neral]y presented in wost text books on Rigid Dynsmics, as for

example, Reference 17. In brief, these equations are derived as follows.

Consider 2 particle of mass in 2 rigid body which is rotating

sbout each axis of .4 system of mituslly perpendicular axes.

| velocity com;;onents of this particle of mass are .

\
Vy = (g2 ~ rY)

Vy = (rX - pZ) >

and -
The accelerations of the particle are
W% @ w _a
LT LRTIFRIRE TS
dV’l
% " t“‘Xa’* S-2%-0 .
and
Y%*&vuzﬁ-nx-—g‘*q%
o

The forces acting on this varticle are therefore

~FX i ihx
F’g o E%ay

(B1)

(52)

(B3)



The moments created by these forces about the various axis are
‘ N

Le=F zf - ng
ﬁ?i = sz - FZX L

R A

How by substitution from Equations (31), (B2), and (B3)
;.a~ﬁ‘§1'2+32)§4(22~22)qr*m( -%)-‘; "

zx<pq+$)*fz(r2+qﬂ '
ﬁEz xe 2 o P - “zx( éa).» .
o
@zya)% xe..zz)m-m(,p,&)*
af-g)-ie-).

-

These mowents are for one particla of mass and & swmmwbion ag

these moments for all particles in the body lead to the total nomants

acting on the body,



5k

£ WXY) = Tgy

s M(xz) = Iyy

£ M(Y2) = Iy,
Purther if the axis considered are the prinsipal axes then the
product of inertia terms Iyys Ixz,m& Iy, are sero and the total
mamgam N
o ’
bt (- )

TN P A (36)

L % + (IX - Iy)m'

Eulerts dynamicsl equations,
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For the apimning conditions considered in this paper the axis

considered are the body axis. For airplanes, however, the principle
axis and body axis are nearly coincid:mt and Fuler's equations wers
useds The products of inartia of the models used herein were not
measureds For airplanes of course only the produet of inertia Iyy
exigts, because of symuetry aboubt the X axis

Inertis moments about other axis than ;mnciual axis such a3 the
earth or wind axis as shown in Figure 20 are somewhet more complicated
because of the products of inertia. About other axis than the
principle axis the moments are

.

oot oo )+ il )

to

M= ~Iy %‘i— + (12 - IX)P“"' - ‘Ixz(pa - ) > (B7)

e (e w8
/ 4

These are the momends normally used for stability consideration about
stability axis. )

For steady state ;:anditiens as would exist in a steady fully
developed apin, Equations (Bﬁ)‘ and (B7) would be modified somewhat as
the rates of change of p, q, and r with time would be zero.

The forces associated with tha rotation along aamh of the various
axis may be cbtained by a sumation of the particle forces given in
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Bquations (B3)e If the origin of the awis was at the center of gravity,
a sumation of Fquations (B3) would glve zero and the resultant force

dt}e o mta;sien acting on the body would be {for steady conditions)
F = mB,0° (88)
This force may be broken down to its various components.
Iftheariginarthaaxisiswnﬁ&amdﬁobeatt&mem‘&eref
potation, however, a summation of Egmtions (B3) should lead to the
components of the resultant fored due to rataﬁoé

dq . dz _ o g _ &Y
F "’}s‘I e ol o ——
x* (zdt 1% TR &
FY*:%GE&*r& 2% Pﬁt) (89)
Fy ’ﬂ(xdt*ﬁ.‘ﬁ,xat qé”t)
Fow
dx
G
a
ﬁu%}'
| ab b4
and
%ivz
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Therefore by swbstituting approprmte values £ron. Bquatlons (Bl) in
Bquation (B8) the following is ebmined

+ q{pY « qX) ~ r(zX ~ pZ)

l

glg &8 ?ﬁi&'

+ r{gZ = rY) - p{pY -~ gX) (B10)

P

- 2

&g 218

I~ ps | 1 pa

&g

Fg'*ﬁfmﬂxw_*p(ﬁ-'pz)~q(q?-rﬂ

ol
v

For steady state conditions, the rates of change' of py q, and r with
: N

Fy = -H[p(¥a + 20) « x(a? + r2)|

Ry = =1 Z(zr + Xp) « T(e2 + pﬂ (511}

Fy = «if r(Xp + ¥q) ~ 2(p2 + qi*]

The resultant force, F = mRgd? should also equal of cowrse

’.FXZ + ng + Fg’ as ,

¢

\!FX?-:- F-za + Ff = I (pi? ++:2 72 V2 + 7,2

aaﬁnxa‘f:zz««zz
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and

v “\}-"xa + ?Yg G sz = R0

-

therefore

\IF n@{?

In addition to this rotatiomal force, thepe is of course a
? - i

welght force, the total resultant force besomes
u e 20k, 2 ”
FR = N Ja;nh g (B12)
The components of the weight force are

Fyy * Mg cos o

Fyg = ¥g sin ¢ (813)

Fu = Hg dsinea - ain?g

The additdon of Equations (Bl0) and Equations (B13) give the total
forces scting along each of the axes. The addition of Equations (711)
“and (B13) give the forces acting 3.n‘1;he steady state case, |

The analysis presented here deals primarily with the mass moments
and foreces acting on a mtiating rigid’ body. The aerodynamic moments and
forpea ave of course at an:y glven instant equal in magnitude and opposite
in sign to these mass forees and moments, |



TABLE I.- CORRESPONDING FULL-SCALE DIMENSIONAL

CHARACTERISTICS OF A FIGHTER MODEL

Wing span, T . . & v v v ¢ v v e e h e e e e e e e e e e e e . . D0.35
Length, over-all, f£ . . . . « . v v v ¢« ¢ « v o v v v o v .. k70
Wing:
Area, sq Tt . . ¢« & v v vt e e e e e e e e e e e e . .. k5.0
Section, TOOL &« + ¢ v 4 4 4 4 4 4 4 e e s e e e e e NACA65112213
Section, tip . . . e e e e s+ s e « e e « . . NACA 65112-213
Root-chord inc1dence, deg e e e e e e e e e e e e e . 2.5
Tip-chord incidence, deg . . + + « & ¢« & ¢ ¢« v 4 o o o o o o 2.5
Aspect ratio . . . o < o)
Sweepback of leadlng edge of w1ng, deg e e e e e e e e 0
Dihedral, leading-edge chord line, deg .. ... 6.0
Mean aerodynamlc chord, in. . . . + . . v . . 115.00
Leading edge of mean aerodynamic chord rearward of leading
edge of wing, In. . . .« + v ¢« v v o 4 4 e e e e e e e s e e 0
Flaps:
Chord, percent of wing chord . . . . . T £ s P )
Area (rearward of hinge line), percent of w1ng area . . . . . . 12.55
Span, percent of wing span . . . . . . . . . .« .« . . . . . . bhoO
Ailerons:
Chord, percent of wing chord . . . . . c e . . . . 20.00
Area (rearward of hinge line), percent of w1ng area . . . . . . 5.90
Span, percent of Wwing span . . . . . . .« 4 .« & o o . . . . . LL.8
Horizontal teil surfaces:
Total area, SQ ££ v v v o + « o o o & & o + 4 o o« 4 « « . . . 108.0
Span, ft . . . . e s e 4 s s s . . 23.33
Elevator area (rearward of hlnge line), sq ft e e e .« . . . . 30.0
Distance from normal center of gravity to elevator hinge l1ine
(original location of horizontal tail), ft . . . . . . . . . 22.95
Vertical tail surfaces:
Total area, sq ft . . . e e e e e e e . .. 36,0
Rudder area (rearward of hlnge line), sq ft e e e e .« . . . 13.2
Distance from normal center of gravity to top of rudder
hinge 1ine, ft . . . . ¢ . . & ¢ ¢ v ¢ e e ¢ v o e 0 e .. . 23.05
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TABLE IV.- TATL-DAMPING POWER FACTORS FOR THE VARIOUS TAIL

CONFIGURATIONS TESTED ON A FIGHTER MODEL

To c.g. \//\L
ot - In

2
TDR:-——F-E’-—-—é-
s(b/2)
RLy
URVC = 515757

TDPF = (URVC)(TDR)

o assumed to be 30° (see
reference 11)

Relative
> wind
)
TroesY T
Unshielded rudder Tail-damping| Tail-damping
Modification Figure | volume cgﬁggicient, r;;;o, POWEED£;Ct0r,
(a) (b) (b) (b)
None 0.00948 0.0292 0.000277
1 9 .01500 .0243 .000364
2 10 .00948 .oLs5h .000431
3 10 .009L8 .OL6h .000L440
L 11 .01870 .0292 .000546
5 11 .00948 .0292 000277
6 11 .00948 .0292 .000277
7 12 .00948 .0288 .000273
8Figure in which modification is shown.

byalue as computed by methods of reference 11,
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TABLE V.- COMPARISON OF APPROXIMATE SPIN RADII AND SIDESLIP

ANGLES TESTED AND SPIN RADII AND SIDESLIP ANGLES

CALCULATED FROM MEASURED AERODYNAMIC FORCES

Angles between the
Z body sxis and
resultant force

(a)

YZ-plane

Angle 1n

ooooooooooooooooooooooooooooooo

Angle in
XZ-plane
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1
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i
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T
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
2k
25
26
27
28
29

®Values based on the measured aerodynamic forces.
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TABLE VI.- THE EFFECT OF RUDDER REVERSAL ON THE NUMBER OF TURNS FOR RECOVERY AND ON THE

AERODYNAMIC FORCE AND MOMENT COEFFICIENTS OF A FIGHTER MODEL IN A SPIN

@oefficient increments obtained by setting the rudder from full with to full against the

spin; recoveries attempted by rapid full rudder reversal except as indicated]

i%-scale model %-scale model
Test
Turns for
Xy Ay 40y, ALy Ay Ay recovery

1 -0.0016 ~0.0059 -0.002 0.0015 -0.0011 0.0028 >10

2 .0068 -.0001 .010 0007 ~.0054 -.001k >11

3 .0031 .0013 -.012 .0022 -.0036 .0031 >9

-.0005 L0048 -.018 .0022 ~.0046 -.0027 >8

5 .0019 .0118 .012 .0003 -.0001 -.0007 >h

6 .0021 -.0038 -.033 L0010 -.0029 -.0030 1,1;, 1%

7 .0097 0 006 .0008 -.0078 -.0009 >2, >2%

8 .00L48 L0148 -.011 .0017 -.00Lk -.00K47 1%, 1%

9 0036 .0100 .01k .0012 -.0026 -.0055 2, 2%
10 -.0035 .0165 .015 .0013 -.0018 -.0053 b

3, %1 %3

11 -.0070 0290 017 000k .0052 -.0119 >3, >3E’ lﬂ’ ]'!I
12 -.007T1 .0226 -.032 L0031 ~.0030 -.0069 a-i-

13 -.0066 .0330 .0l5 .0018 0062 -.0120 %
14 -.005h .0h78 .016 .0031 .008% ~.0179 1%—, 2
15 -.0090 L0501 .020 .0020 L0067 -.0196 1%
16 -.0102 .Oh22 .029 .0013 .0121 -,0166 1,1
17 0 .ok32 .038 L0028 .0089 -.0161 1%, 2%
18 .0002 -.003% -.010 .00k2 -.000k .0038 >11
19 .0065 .0012 -.006 .0002 -.0052 -.002k >k

20 .0021 L0049 023 .001h -.0077 -.0021 6, 6
21 .000h .0115 -.058 .0013 -.0088 -.0050 8

22 008} -.0070 .023 .0033 -.0001 -.0008 >e%
23 .0153 .0066 -.003 .0008 -.0003 -.0030 >9
oh .0069 .0092 -.034 .0022 ~.0070 -.0032 >10
25 L0015 -.0031 .008 .0003 .0018 .0003 >3
26 0 -.0010 .010 .0003 0008 .0032 >8
o7 0 -.0021 -.006 .000T -.0006 L0017 >10

28 L0011 002k .01 .0011 -.0003 -.0043 >5

29 .0004 -.0005 -.019 .000k -.0038 -.0012 >13

30 .0009 -.0006 .083 .0007 .0020 .0009 >5
31 0052 0006 -.025 .0011 -.008% -.0011 2, 211I
32 .0015 -.0058 .012 .0015 -.0070 ~.0018 >10

8Recovery attempted by simultaneous reversal of rudder from full with to 2/3 against the spin and elevator from 2/3 up to

1/3 down.
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TABLE VII.- THE EFFECT OF UNSHIELDING THE VERTICAL TAIL BY

HORIZONTAL-TAIL, MOVEMENT ON THE AERODYNAMIC FORCE AND

MOMENT COEFFICIENTS OF A FIGHTER MODEL IN A SPIN

@oefficient increments obtained by moving the horizontal

tail 15 in. (full-scale) rearward from the originsal
position; rudder full with the spin]

Test ACK NCy ACy, ACy ACm ACp
1 -0.0016 | -0.0176 | 0.018 | -0.0162 | -0.0018 | 0.0005
3 -.0064 .0037 .010 -.0026 -.0040 .0007
25 -.0990 .0053 -.045 -.0020 -.0130 .0036
26 -.0300 000k -.022 -.0027 -.00k46 .00kl
27 -.0102 .0017 | -.019 -.0011 -.009k .0020
28 -.0240 L0069 | -.0Tk -.0017 -.0189 .0025
29 -.0210 .0198 | -.026 -.0021 -.0155 | -.0039
30 -.026k 016k .053 .0035 -.0067 .0035
31 -.0189 L0077 | -.070 -.0028 -.0128 | -.0039
32 -.0415 .0208 -.058 .0038 -.0096 -.0069




TABLE VIII.- THE EFFECT OF UNSHIELDING THE VERTICAL TATL

ON RUDDER-REVERSAL EFFECTIVENESS ON A

FIGHTER MOTLEL IN A Sng

@oefficient increments obtained by reversing the rudder

from full with to full against the spin]

Horizontal tail in
original position

Horizontal tail in
rearward position

Test
ACy AC, ACy ACp

1 -0.0059 0.0028 0.0083 -0.0031

3 .0013 .0031 .0123 -.0040
25 -.003L .0003 0 -.0016
26 -.0010 .0032 .0012 -.0006
27 -.0021 L0017 .0009 .0003
28 .002k -.00k3 .0233 -.0088
29 -.0005 -.0012 .0053 -.0037
30 -.0006 .0009 .0066 -.002k
31 .0006 -.0011 .0107 -.0053
32 -.0058 -.0018 L0171 -.0027

L NACA
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Radius of spin

Spin axrs

Wind direction

L-6L907
Figure 1l.- Illustration of an airplane in a steady spin. Arrows indicate

positive directions of forces and moments along and about the body
axes of the airplane.
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Figure 2.~ The spinning model is supported in the tunnel by the vertically
rising air current and the character of the spin is recorded by means
of motion pictures. One of the three operators launches the model into
the tunnel, a second operator controls the air speed and the third
operates the camera.
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Figure3 .- The rotary balance in the Langley 20-foot free
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Normal-force beam
Longitudinal-force heam
Lateral-force beam
Rolling-moment beam
Pitching-moment beam

Yawing-moment beam IEI:
L-611906

Figure 4.- Illustration of the six-component strain-gage balance.
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& fuselage reference fine

Figure & .- Drawing of the i—%-— scale model of a fighter airplane as tested
on the rotary balance. Wing incidence, 2% leading edge up; stabilizer

incidence, 1° leading edge up. Center-of-gravity position shown for
normal loading.
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L 567245 .

Landing condition

: ;
JoE s ey
LB 58

External wing fuel tanks installed

Figure & .- The %5- scale model of a fighter airplane in the landing

condition and with external wing fuel tanks installed.
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Figure 6.~ The f%-scale model of a fighter airplane mounted on the rotary

balance in the Langley 20-foot free-spinning tunnel.
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Figure il.- Photograph of the 58— scale model of a fighter airplane spinning

in the Langley 20-foot free-spinning tunnel.
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Rudder hinge line .

w— \-\—-—‘
i
= — <%

Modification /

O

Thrust line

~ TR
—— Ovigina /
— — —Modified

Figure {2.- Original and modified longitudinal positions of horizontal tail

tested on the 51—'6— scale and -l—%— scale models of a fighter airplane.

Dimensions are full-scale.
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(a) Moment-of-inertia gear.

L-50759

Figure 16 .- Moment-of-inertia and center-of-gravity gear.

(b) Center-of-gravity gear.
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Figure 20.- Illustration of several systems of axes with relation to a
gpinning airplane. Body, wind, and earth axes are shown.



